Spinal muscular atrophy (SMA) is caused by loss of the survival motor neuron 1 gene (SMN1) and retention of the SMN2 gene, resulting in reduced SMN. SMA mice can be rescued with high expression of SMN in neurons, but when is this high expression required? We have developed a SMA mouse with inducible expression of SMN to address the temporal requirement for high SMN expression. Both embryonic and early postnatal induction of SMN resulted in a dramatic increase in survival with some mice living greater than 200 days. The mice had no marked motor deficits and neuromuscular junction (NMJ) function was near normal thus it appears that induction of SMN in postnatal SMA mice rescues motor function. Early postnatal SMN induction, followed by a 1-month removal of induction at 28 days of age, resulted in no morphological or electrophysiological abnormalities at the NMJ and no overt motor phenotype. Upon removal of SMN induction, five mice survived for just over 1 month and two female mice have survived past 8 months of age. We suggest that there is a postnatal period of time when high SMN levels are required. Furthermore, two copies of SMN2 provide the minimal amount of SMN necessary to maintain survival during adulthood. Finally, in the course of SMA, early induction of SMN is most efficacious.
INTRODUCTION
Proximal spinal muscular atrophy (SMA) is a leading genetic cause of infant and early childhood mortality (1) . SMA is a recessive disorder that results in degeneration of motor neurons and atrophy of muscle (2) . The survival motor neuron protein is encoded by two genes, SMN1 and SMN2, which lie adjacent to each other (3) (4) (5) . SMA is caused by loss or mutation of the SMN1 gene and retention of the SMN2 gene (3, 6) . The SMN1 and SMN2 genes differ by one key nucleotide, a C-to-T transition in exon 7, which alters an exon splice modulator (7 -10) . This single nucleotide causes the majority of the transcript from the SMN2 gene to lack exon 7 (SMN△7), whereas SMN1 produces full-length SMN transcripts (11, 12) . The SMN△7 protein does not oligomerize efficiently and is rapidly degraded, thus causing a reduction in SMN levels, which are insufficient for the correct function and ultimately survival of motor neurons (13) (14) (15) . The phenotypic severity of SMA is modulated by the SMN2 copy number and thus amount of SMN produced by the SMN2 gene (4, 5, (16) (17) (18) . Missense mutations in SMN occur in both mild and severe SMA patients. Missense mutations in severe SMA patients often disrupt SMN's ability to efficiently oligomerize and thus the protein is rapidly degraded (13) (14) (15) 19) . In some missense mutations found in mild SMA patients, the SMN protein is still able to interact with, or complement, the SMN produced by SMN2 and thus produces more functional SMN complexes (20) .
SMN is a 38 kDa ubiquitously expressed protein present in the cytoplasm and nucleus, where it often accumulates in structures called gems (4, 21) . SMN forms a complex with gemins 2 -8 and unrip which enables the assembly of Sm proteins onto snRNAs (6, (22) (23) (24) . SnRNAs have a critical function in the splicing of genes and, as might be expected, complete loss of Smn is embryonic lethal (25) . SMA mouse models have been produced by expressing SMN2 in mice that lack functional mouse Smn (26, 27) . As in humans, a * To whom correspondence should be addressed at: Department of Molecular and Cellular Biochemistry, 363 Hamilton Hall, 1645 Neil Ave, Columbus, OH 43210, USA. Tel: +1 6146884759; Fax: +1 6142924118; Email: burghes.1@osu.edu high copy number of SMN2 results in complete rescue in mice, whereas two copies of SMN2 results in SMA mice that die at PND05 (26) . Furthermore, expression of human SMN lacking exon 7 in SMA mice, or the use of a deletion allele that removes mouse Smn exon 7, results in slightly milder mice that live for 10-14 days (27, 28) .
The snRNP assembly function is disrupted in SMA. The degree of assembly activity inversely correlates with severity of SMA mice, as well as the ability of specific transgenic lines to correct SMA (29, 30) . The decrease in assembly results in decreased levels of certain UsnRNA, in particular the U11 and U12, which are important in splicing minor introns found in a subset of genes (29, 30) . Although splicing changes have been reported in various tissues from SMA mice, it is not clear whether these alterations have a direct role in causing SMA, or are a consequence of the advanced stage of disease in the mouse (30) . The reported splice alterations could be secondary changes due to the moribund state of the mouse, spurious changes due to the number of tests performed or indirect changes that are not in the critical SMA pathway (6) . Indeed further studies on younger animals have not revealed splicing dysregulation in the spinal cord of SMA animals (31) and certainly not all tissues require high SMN levels (32) . Thus, it is unclear how splicing changes in, for instance, the kidney relate to SMA. Furthermore, the critical splicing events that occur within the motor neuron, and the consequence of these changes, remain to be determined in SMA. SMN has also been found in axons and may be critical in the transport of mRNA, such as b-actin, to the growth cones of axons (33) . Thus, axon transport has been suggested to be the critical pathway disrupted in SMA (33) . In motor neuron cultures from severe SMA mice, as well as knockdown of SMN in zebrafish axons, defects such as shorter axons are observed (33) (34) (35) . However in SMA mice, motor axons show no growth defect (36) although there are alterations at the neuromuscular junction (NMJ) (28, (36) (37) (38) (39) . It is currently unclear what the biochemical activity of SMN in axons is and as such it has not been assayed for alteration in SMA (6) . Thus the exact function(s) of SMN that is/are disrupted to cause SMA remains unresolved (6) .
Regardless of the exact mechanism of SMN's function, an attractive strategy for development of therapeutics in SMA is to increase SMN levels. A series of compounds have been developed that increase the amount of SMN produced by SMN2 by various mechanisms (40) (41) (42) (43) (44) (45) (46) (47) . Antisense oligonucleotides directed against specific elements in the SMN2 gene can significantly increase the amount of SMN in the required tissues (48) (49) (50) (51) . Gene therapy with AAV vectors that encode SMN or express a construct that alters the splicing of SMN2 can significantly increase SMN levels and rescue SMA mice (52) (53) (54) . Indeed, self-complementary AAV9-SMN (scAAV9-SMN) has a remarkable impact on the SMA phenotype with survival extended beyond 300 days, as compared with 14 days for untreated mice, clearly demonstrating the importance of restoring SMN levels in SMA (52, 55, 56) . Two elements that are critical to understanding the specific function of SMN in SMA as well as developing effective therapeutic strategies are the temporal and spatial requirements for high SMN levels. We have previously addressed the spatial requirement demonstrating that first, high levels of SMN are required in neurons to obtain correction of SMA. Second, not all tissues require high SMN levels and third, two copies of SMN2 do produce sufficient SMN for most tissues (32) . In the current paper, we address the temporal requirement of high SMN levels in SMA mice using an inducible transgenic approach. We developed SMA mice containing a construct that expresses SMN only upon administration of doxycycline. We demonstrate that embryonic or early postnatal induction of SMN results in substantial rescue of SMA mice. However, later postnatal induction resulted in reduced rescue, indicating that for severe SMA there is a critical window of SMN induction that is most effective for rescue. The mice with restored SMN develop normal NMJs. In SMA mice that had been rescued by postnatal induction of SMN, we halted SMN induction to determine the longterm requirement for high SMN expression. In most cases, the mice survived for 1 month and then showed a precipitous decline, but no substantial physiological abnormality of the NMJ or clear evidence of a neuromuscular phenotype was observed. This could indicate that the level of SMN in the autonomic nervous system is critical at this latter time point. In two female SMA animals that were larger at birth, PND01 SMN induction followed by removal of SMN induction at PND28 resulted in survival of fertile breeding animals without any further induction of SMN. We suggest that in SMA mice, two copies of SMN2 is the minimum SMN level required for survival, and in these mice, a slightly higher SMN level at birth results in sufficient SMN for adult neurons. This could indicate that type II and type III SMA patients might have sufficient SMN for survival but not enough SMN during a specific developmental window thus resulting in SMA.
RESULTS

Generation of SMN inducible lines
To determine when high levels of SMN are required to rescue SMA mice, we expressed SMN under the tetracycline response element (TRE) and a minimal cytomegalovirus (CMV) promoter. The SMN construct is diagramed in Figure 1 and consists of two minimal CMV promoters and the TRE element. Thus upon activation, one CMV promoter drives SMN and the other drives luciferase expression. The bidirectional constructs were microinjected into FVB/N oocytes. A total of 20 founders were obtained using two constructs. Two founders that expressed SMN were used for further experiments. The lines were tested for SMN expression using the Camk2a-tTA (57) , which expresses the tetracycline transactivator (tTA) under the forebrain Calcium Calmodulindependent kinase II (Camk2a) promoter (Camk2a-tTA, Jackson stock no. 003010) (57) . This results in expression of high levels of SMN in the brain. The two transgenic lines used expressed SMN and were responsive to doxycycline when administered to the animals. The Camk2a-tTA line, or other available tTA lines including SMN promoter-tTA lines we made, did not result in rescue of SMA mice. We thus investigated the ROSA26rtTA (ROSA26rtTA, EGFP) (58) line (Jackson stock no. 005572), which has been used previously to drive expression in neural tissue (58) . This line Human Molecular Genetics, 2011, Vol. 20, No. 18 3579 expresses the reverse tetracycline transactivator (rtTA) under the ROSA26 locus upon removal of a floxed cassette containing translation stop sites flanked by Cre. The ROSA26 locus is ubiquitously expressed (58) . The line was first bred with a Sox2-Cre line to remove a stop cassette between the ROSA26 promoter and rtTA. (59). The resulting line was then crossed with SMN2+/+; SMN△7+/+; Smn+/2 mice to obtain offspring that were SMN2+/2; ROSA26rtTA; +/2 SMN△7+/2. The ROSA26 locus and SMN2 transgene insertion lie relatively close to each other so we performed crosses to obtain a recombinant chromosome containing both SMN2 and ROSA26rtTA on the same chromosome. Briefly, we crossed ROSA26rtTA/SMN2 mice against wild-type mice and scored for the presence of both the SMN2 and ROSA26rtTA transgene in the progeny. One of 176 offspring contained the desired recombinant chromosome. This mouse was then bred to obtain mice homozygous for SMN2; ROSA26rtTA; SMN△7, heterozygous for Smn and contained Luci-TRE-SMN (which was also bred to homozygosity in some mice). These mice were used to generate SMA mice that contained the inducible transgene.
Expression of SMN from the inducible transgene
To determine the expression of SMN from the inducible transgene SMN2+/+; ROSA26rtTA+/+; SMN△7+/+; Luci-TRE-SMN; Smn+/2, mice were characterized by quantitative western blot analysis and immunohistochemistry using a human specific SMN antibody (48) . We also performed RT -PCR and real time RT -PCR to determine the relative amount of SMN mRNA produced upon induction. Figure 2 shows the luciferase activity in neonatal brain ( Fig. 2A ) and spinal cord (Fig. 2B ) after doxycycline food is introduced to the mother. Induction occurs at high levels after 48 h in these neonates. We then performed western blots using a human specific SMN antibody and a luciferase antibody in mice at 3, 5 and 10 days after induction. Figure 2C and D show the SMN expression in brain and spinal cord of induced mice over this range. Induction is clearly detectable at postnatal day 3 (PND03) and SMN levels and luciferase continue to increase at PND10. The quantification of the western blots is shown in Figure 2E and F. The results of real time RT -PCR for amount of full-length SMN containing exon 7 in neonatal brain and spinal cord at 0, 3, 5 and 10 days postinduction is shown in Figure 2G and H. Full-length SMN is induced at PND03 and continues to increase at PND10 in a similar manner to SMN protein. We next examined induction of SMN in adult carrier animals (Smn+/2) that were fed doxycycline directly in their food. Figure 3A and B show the results of SMN induction beginning at PND28 and at 2, 3, 5 and 10 days after induction in brain and spinal cord tissue in western blots using the human specific SMN antibody (48) . Thus, the expression pattern is similar in adult and neonatal animals with clear induction of SMN at PND03 that steadily increases to maximum induction 10 days after doxycycline dosing. Quantative analysis of SMN expression relative to actin and luciferase expression relative to actin was also performed at each time point in brain ( Fig. 3C ) and spinal cord (Fig. 3D) tissue. We also examined induction of SMN in tissues outside the nervous system. All tissues examined showed SMN induction as would be expected from the ROSA26rtTA locus (Fig. 3E) . Last, we examined expression of SMN in motor neurons using immunohistochemistry. As shown in Figure 3G 
Induction of SMN expression rescues SMA mice
We next tested the ability of the inducible system to rescue SMA mice by first inducing SMN in the embryonic stage. Mothers were fed doxycycline when embryos were at 13 days of gestation (E13) to induce SMN in embryonic mice. The survival curves for SMA induced and non-induced mice of the same genotype are shown in Figure 4A . The noninduced SMA mice (SMN2+/+; SMN△7+/+; Smn2/2; ROSA26tTA+/+; Luci-TRE-SMN +) died on average at PND14 and showed no extension of lifespan compared with mice lacking the inducible transgenes. In contrast, induction of SMN in SMA mice from E13 with doxycycline resulted We then examined induction of SMN in the postnatal period by starting induction of SMN at birth (PND0/PND01) and at PND02. The induction, as indicated in the previous section, takes 3 days to result in significant levels of SMN. Thus SMN expression is detectable at PND03 when started at birth (PND0/PND01), and PND05 when started at PND02. As shown in Figure 4B , induction at birth (PND03 SMN expression) had a substantial impact on survival with the average life span being 86 days and some mice living over 200 days. The variability in survival may be a reflection of variable SMN induction. This survival was not statistically different from that resulting from embryonic induction. Thus postnatal induction of SMN has a major impact on survival of SMA mice. A later induction at PND02 (PND05 SMN expression) resulted in an effect on survival with one mouse living for 151 days. However, the effect was less dramatic than that observed with earlier induction, indicating that early postnatal induction of SMN is more effective in rescuing survival. Figure 4 shows SMN levels in the brain (Fig. 4C ) and spinal cord (Fig. 4D ) of rescued SMA mice on western blots indicating that there was substantial induction of luciferase and SMN expression upon administration of doxycycline. Removal of doxycycline for 10 days after 28 days of administration revealed levels of SMN and luciferase expression Figure 4E shows the weight increase of SMA mice. In general, SMA rescued mice were smaller than their littermates but showed normal activity until close to death when they showed reduced movement. In some cases, a small amount of ear necrosis occurred but no abnormality of tail or feet was observed. Upon death, some mice that survived for over 100 days were found to have abnormalities of the gut with an impacted bowel and pockets of fluid and gas (pneumoperitoneum). This was not observed in control sibs also on doxycycline food. In SMA mice that develop with low levels of SMN, synaptic transmission at the NMJ is impaired (38, 60, 61) . The deficits include reduction in endplate current (EPC) amplitude (a measure of strength of the synapse) that is primarily due to reduction in quantal content (the number of vesicles released). Repetitive stimulation reveals an increase in facilitation, which is consistent with reduced probability of vesicle release. We tested whether postnatal induction of SMN in SMA mice resulted in restoration of NMJ function. We recorded from the tibialis anterior (TA) of three SMA mice in which SMN had been induced by feeding the mice doxycycline. Each recording was compared with an age-matched mouse heterozygous for the mouse Smn locus (Smn+/2) and housed with the SMA mice and containing the transgenes. We found no statistically significant difference in EPC or miniature endplate current (MEPC) amplitude between control and SMN rescued endplates ( Fig. 5A and Table 1 ). During development of the NMJ in SMN deficient mice, there is a slowed switch from expression of embryonic AChRs to adult AChRs. This manifests as a prolongation of the time constant of MEPC decay. We measured time constant of MEPC decay in the two groups and obtained nearly identical values. There was, however, a slight tendency towards reduced depression during repetitive stimulation in SMN rescued endplates (Fig. 5A , P , 0.05). This is consistent with a slight reduction in probability of vesicle release, and is similar to the finding during repetitive stimulation seen in P10 SMA mice of the SMN2+/+; △7SMN+/+; Smn2/2 genotype. Overall, function of the NMJ appeared to be near normal, with only a modest reduction in the probability of vesicle release. In addition to electrophysiological changes at the NMJ, altered morphology of the NMJ have been reported in SMA mice with accumulation of neurofilament and lack of mature, fully developed NMJs (36) (37) (38) 62) . As shown in Figure 5B -G, NMJs in transverse abdominis muscle of SMA rescued animals show full maturity, proper innervation and do not show abnormal accumulation of neurofilament in the NMJ or the nerve. As the mice had no marked motor deficits and NMJ function was near normal it appears that induction of SMN in postnatal SMA mice rescues motor function.
Decay of SMN induction upon doxycycline removal
We next investigated the decay of SMN expression conferred by withholding doxycycline in induced mice. The decay of luciferase expression after removal of doxycycline was first examined in brain and spinal cord tissue. Figure 6A and B shows the decay of luciferase in mice that had doxycycline food removed and thus induction of expression of the transgene terminated. The decay of luciferase expression in brain (Fig. 6A ) and spinal cord (Fig. 6B ) occurs gradually with loss of luciferase expression observed 10 days after removal of the doxycycline food. We next followed SMN and luciferase decay of expression in brain (Fig. 6C ) and spinal cord (Fig. 6D) tissue by western blot analysis. Induction with doxycycline food was performed starting at PND0 until PND28 and then doxycycline was removed. Tissue was collected 2, 3, 5 and 10 days after removal. SMN and luciferase expression returned to close to baseline levels 10 days after removal. Quantification of the luciferase to actin expression and SMN to actin expression from western blot analysis of the brain (Fig. 6E ) and spinal cord (Fig. 6F ) is shown. Thus 10 days after doxycycline removal, the SMN expression observed is only from the SMN2 transgene. The SMN mRNA levels were also assayed by real-time RT -PCR 15 days after removal of doxycycline and showed low SMN mRNA levels compared with the induced samples in both brain (Fig. 6G ) and spinal cord (Fig. 6H) . We next examined the effect of removal of SMN induction on SMA mice. SMA mice containing the inducible transgene (SMN2+/+; SMN△7+/+; Smn2/2; Luci-TRE-SMN) where induced at birth (thus induction of SMN at PND03) and kept on doxycycline food until PND28. At PND28, the doxycycline induction was removed and the mice observed. When SMN induction was removed from SMA mice they behaved normally and there was no overt phenotype.
In most cases (n ¼ 5), the SMA mice without induction lived for just over a month and then showed rapid decline and death. In the second group of mice (n ¼ 2), where the animals were in general larger at birth, removal of SMN induction had no effect. The mice were phenotypically normal and have survived beyond 8 months of age. The mice were still alive at the time of the preparation of this manuscript. These long-surviving mice were female and gave birth to litters that contained the expected number of SMA animals. Thus, two copies of SMN2 likely express SMN just in the range required in these mice in adult life. Furthermore, two copies of SMN2 can produce sufficient SMN for all cells later in life but not during a critical postnatal period.
To determine the effect of reduction in levels of SMN after development of the NMJ is complete, we performed electrophysiology 1 month following withdrawal of doxycycline induction of SMN in SMA mice. Each recording was compared with an age-matched mouse heterozygous for mouse Smn+/2 but containing the same transgenes and housed under the same conditions. One of the three mice recorded had become ill and was no longer walking at the time of euthanasia. Despite this mouse appearing very weak, there were no differences in neuromuscular transmission between Smn2/2 adult mice where induction of SMN had been withdrawn and heterozygous controls 1 month after removal of doxycycline (Fig. 7A, Table 1 ). The amplitude of the endplate current was similar in the two groups as was the number of vesicles released and the response to repetitive stimulation. It thus appears that function of the NMJ is not dependent in adult mice on the continued presence of SMN for periods of up to 1 month. Furthermore, immunostaining of NMJs in the transverse abdominis revealed normal fully developed NMJs with innervation and no neurofilament accumulation again revealing normal NMJs even after SMN induction removal for 1 month in SMA animals ( Fig. 7B -G) . Thus high SMN levels are required between birth and postnatal day 28 for motor neurons and not in adult stages were SMN2 produces sufficient SMN for this system. 
DISCUSSION
The SMN protein complexes with a series of other proteins gemins 2 -8 and unrip to form the SMA complex which functions in assembly of Sm proteins onto snRNAs (6, (22) (23) (24) .
Complete loss of SMN either in an organism or a particular tissue is lethal as would be expected as assembled snRNPs are essential for correct splicing of genes required in all cells (6, 25, 27, (63) (64) (65) . SMA is caused by loss of SMN1 and retention of SMN2, which leads to reduced levels of both fulllength SMN mRNA and SMN protein (4, 5) . The copy number of SMN2 and the ability of SMN2 to produce full-length mRNA inversely correlate with phenotypic severity (16) (17) (18) . But when and where are levels of SMN above that produced by two copies of SMN2 needed to correct SMA? Indeed this becomes particularly important with the use of Cre drivers to either remove or activate SMN as the timing of Cre expression in the tissue of interest will be critical. For instance, the cholineacetyltransferase (ChAT) promoter does not reach full activity until postnatal day 7 in mice and thus may not be an optimal driver to test the importance of SMN in developing motor neurons (66, 67) . Indeed SMN driven by the ChAT promoter had no impact on severe SMA mice (SMN2+/+ Smn2/2) (unpublished data). We have previously shown that high SMN levels in the nervous system obtained with the Prion promoter did result in rescue of severe SMA mice, whereas high expression in skeletal muscle using the human skeletal actin promoter did not (32) . Thus high levels of SMN above that produced by SMN2 is important in tissues where the Prion promoter is expressed which is the nervous system but does include tissue outside the nervous system such as the neuroendocrine glands and the combined expression of SMN in muscle and nerve as being important cannot be excluded. Another important question with respect to SMN pathophysiology is which cells in the nervous system are most critical? Is high SMN expression in motor neurons sufficient or do other neural cell types play a role? In this regard, removal of Smn exon 7 using the Oligo-Cre driver to give a nonfunctional Smn specifically in motor neurons in the presence of SMN2 results in a SMA phenotype indicating the importance of high SMN in motor neurons (68) . However, the phenotype of these mice is not as severe as would be expected. This could be due to the requirement of high levels of SMN in neurons that Oligo-Cre is not expressed in, such as interneurons, or in cells outside of the nervous system that contribute to the SMA phenotype (68) . Alternatively, the Cre driver may leave a sufficient number of motor neurons untouched that can then innervate muscle sufficiently. Interestingly, recently interneurons have been extensively examined in SMA mice (69) . Studies show that the output of the motor neurons upon interneuron stimulation is substantially reduced suggesting that the motor circuit is disrupted in SMA mice (69) . Furthermore, reduced input to the motor neuron was demonstrated as less vesicular glutamate transporter 1 puncta were present on motor neurons (60, 69) . However, it appears that this phenotype is retained in the Oligo-Cre exon 7 deleted mice implying that it is related to reduced SMN levels in the motor neuron (68) . Further studies are needed to define exactly where high SMN levels, above that produced by two copies of SMN2, are required in SMA mice. In these studies, careful consideration of when and where the Cre drivers express will be critical to interpreting the results.
SMN functions in assembly of snRNPs, and this function is disrupted in SMA animals. There is a consistant correlation of snRNP activity with severity of the mice. Mild mice (SMNA2G; SMN2+/+; Smn2/2) show considerably greater activity than severe (SMN2+/+; Smn2/2) or △7 (SMN2+/+; SMN△7+/+; Smn2/2) mice (29) . Furthermore, SMN containing the A111G missense mutation corrects one-copy SMN mice (SMN2+/2; Smn2/2) as well as snRNP assembly activity (20, 30) . Reduced SMN levels in SMA mice leads to alteration in the snRNP profile and the amount of particular snRNPs (20, 29, 30) . Given the alteration of snRNP levels in SMA mice, one would predict changes in splicing of certain sensitive genes.
Exon array studies have revealed multiple changes in spinal cord tissue of SMA mice as well as multiple other tissues such as the kidney (30) . However, these studies were performed in mice relatively close to death and it is hard to determine which changes are a consequence of the state of the mouse as opposed to altered snRNP levels. As indicated earlier, transgenic studies show that high levels of SMN are not required for renal and hepatic maintenance and normal function. The Prion-SMN transgene does not increase SMN levels in these tissues but does correct the SMA phenotype (32) . Indeed, it is most likely that the changes in these tissues have little consequence in SMA disease.
SMN has also been detected in axons and is believed to be important in the transport of mRNAs to the axon tip (70) . However, it is not clear what exactly SMN does in this process making it difficult to assay for defects in SMA mice. Finally, it is not clear why motor neuron axons would be particularly affected by alterations in mRNA transport. Here we show that the critical window of high SMN expression is a postnatal period which is not when b-actin would be most important for growth of axons. We have not detected abnormal growth of motor axons in SMA mice during embryogenesis (36) . Recently removal of b-actin from motor neurons was shown to have no major impact thus making it unlikely that a disruption of b-actin is a critical event, at least in motor neurons, in SMA (71) .
To define specific SMN targets, one must consider which changes are critical before the end state of the disease. Furthermore, no studies to date have studied changes in motor neurons as opposed to whole spinal cord (31) . Thus the direct targets of SMN deficiency and the mechanism of how reduced SMN causes SMA have yet to be defined. The studies in the current paper would indicate that the critical time period for any putative causal splicing change in SMA would be between birth and postnatal day 28. Interestingly, this period is when many changes occur in the splicing pattern of genes (72) . 
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Human
We have investigated the temporal requirement for high levels of SMN, above the level produced by two copies of SMN2, in SMA mice. Remarkable rescue of SMA △7 mice has occurred with early introduction of scAAV9-SMN at P0 or P1 (52) via the facial vein. When high-titer virus is used, scAAV9 crosses the blood -brain barrier resulting in considerable transduction of motor neurons and rescue of SMN △7 SMA mice beyond a year of age (52, 55, 56, 73, 74) . Furthermore, normal function of the NMJ is found in these rescued mice (52) similar to that observed with rescued mice in the current study. Delayed introduction (PND05) of scAAV9 into the circulation results in some rescue of SMA, but survival is greatly diminished at later time points thereafter (PND10) (52) . One possible reason for this is the reduced transduction of motor neurons in older mice (52, 73) . Alternatively, SMN may have to be introduced early in the disease to have an effect on survival.
In the current paper, we have used a doxycycline inducible transgene to determine when high levels of SMN are required. In agreement with studies using scAAV9-SMN, we find early induction of SMN at PND03-PND04 gives maximum effect on survival. Later induction (PND06) results in some rescue but there is a significantly reduced response. Thus, this data predict any SMN-inducing strategy for treatment of SMA is best introduced early in the disease course, especially in severe SMA mice. The question remains open as to whether SMN-inducing therapies will be effective during the plateau phase of SMA type II and III (75) (76) (77) . However, it has been reported from motor neuron estimation studies that a functional motor neuron drop occurs early followed by more gradual motor neuron loss, possibly due to ageing (75) (76) (77) . Is there a critical period in all SMAs when SMN-inducing therapies need to be introduced to have a clinical effect? Certainly it will be important to consider this when moving therapeutics tested in mice into human clinical trials.
We have shown that, after induction of SMN in the post natal period, motor neuron electrophysiology is nearly normal and NMJs are fully developed. Indeed, even after removal of doxycycline for a month, there is still no marked abnormality of the NMJ. Thus high levels of SMN over the early postnatal period completely correct the motor neuron. This indicates that high SMN levels are only required over a limited postnatal time frame for correct function of NMJs. Furthermore, in two female SMA mice, which were larger at birth, the removal of SMN induction at PND28 resulted in no detectable defects. These females have given birth to multiple litters and have lived out beyond 8 months of age. This indicates that two copies of SMN2 can in some cases produce sufficient SMN for all tissues in adult life, but this level of SMN is close to the limit of what is required, thus resulting in two groups of animals. This may indicate that after early correction of SMN levels in mild type II and III SMA patients there will not be a requirement for continual high levels of SMN expression. Heart defects have recently been reported in SMA mice most likely arising due to low SMN in the autonomic nervous system (78) (79) (80) . It is not known if autonomic nervous system defects occur in SMA in man. However, it should be noted that the mouse has a high heart rate and thus the defects seen in mouse may be reflected in different autonomic systems in man.
In conclusion, postnatal induction of SMN postnatally rescues SMA mice and an 4-week postnatal period of high SMA is sufficient for long-term rescue of motor defects. Thus, a short-term induction of SMN at the correct time and in the correct cell type can have a major impact on survival in murine SMA.
MATERIALS AND METHODS
Generation of transgenic mice
Luci-TRE-SMN transgene. The SMN cDNA containing exons 1 -8 was excised from pcDNA3 (81) with NheI and XhoI and subcloned into pBI-L between the NheI and SalI sites (Clontech). The pBI-L -SMN vector has luciferase driven by a minimal CMV promoter in one direction, and SMN driven by a minimal CMV promoter in the other direction. The TRE element lies between the two promoters and thus activation with rtTA drives expression of both luciferase and SMN simultaneously. The second construct was engineered to remove 31 bp from the 5 ′ end of vector and contain more of the SMN exon 8 untranslated region. The previously described HSA-SMN construct was cut with BglII and XhoI and the pcDNA3-SMN plasmid was cut with BglII and XhoI. The HSA-SMN BglII/XhoI fragment was ligated to the cut pcDNA3-SMN plasmid to create pcDNA3-SMN (B). Thirty-one base pairs were removed from the 5 ′ end by first cutting pcDNA3-SMN (B) with HindIII and BamHI. The following oligonucleotides were annealed (AGCTTGCG GCCCGCTAGCAG and ACGCCGGCGATCGTCCTAG) and ligated to the cut pcDNA3-SMN (B) plasmid. The resulting construct was cut with NheI and XhoI and subcloned into pBI-L as described earlier.
The constructs were linearized with AseI and the 6.3 kb construct was injected into the male pronucleus of FVB/N mice. Twenty founders were obtained and analyzed for the expected transmission of the transgene and a single insertion by Southern blotting. Those animals were crossed to mice that expressed CamK2ka-tTA (57) (Jackson Laboratories stock no. 003010) to check for mice that had high levels of doxycycline responsive SMN expression in the brain. The mice that showed positive expression where then crossed to SMA mice (SMN2+/+; Smn+/2; SMN△7+/+) to obtain SMN2+/+; Smn+/2; SMN△7+/+; Luci-TRE-SMN+/+ mice. These mice were crossed with SMN2+/+;Smn+/2; SMN△7; ROSA26rTA+/+ generated in the next section. The final genotype of the mice was SMN2+/+;Smn+/2; SMN△7+/+; ROSA26rTA+/+;Luci-TRE-SMN either +/+ or +/2. Two lines, in particular, were followed as they showed the capability of rescuing the SMA phenotype (see in what follows). All breeding and subsequent use of animals in this study were approved by the IACUC of The Ohio State University, Columbus, OH.
ROSA26rtTA
The ROSA26rtTA (Jackson Laboratories stock no. 005572) (58) was obtained and crossed with Sox2-Cre mice to remove the stop cassette between the ROSA26 promoter and rtTA. ROSA26rtTA mice lacking the stop cassette were then Human Molecular Genetics, 2011, Vol. 20, No. 18 3587 crossed with mice containing SMN2 (26) to obtain mice that had SMN2 and ROSA26rtTA. The SMN2 insertion lies relatively close to the ROSA26 locus on the same chromosome (82); therefore, we crossed the mice to wild-type FVB/N mice and identified a recombination event that placed SMN2 and ROSA26rtTA on the same chromosome. One of 178 offspring was positive for both transgenes. This mouse was then bred to obtain the SMN2+/+;SMN△7+/2; Smn+/2; ROSA26rtTA+/+ mice.
Genotyping of transgenes
The SMN2, Smn knockout allele and SMN△7 alleles were genotyped as previously described (28) . The ROSA26rtTA was amplified with ROSA26F aagtcgctctgagttgttatcag and rtTA-R cgggttgttaaaccttcgattccg which is positive if the rtTA is present. To determine homozygozity of the ROSA26rtTA transgene, the same ROSA26F primer was used with ROSA26R ggagcgggagaaatggatatga. This amplifies when an intact ROSA26 is present but not when ROSA26rtTA is homozygous. The Luci-TRE-SMN transgene was detected with Luci-TRE-Vec-F gatcctctagtcagctgacgcgt and SMN exon3R cagtgtaaaccacaacacagg, SMN exon6F tcccatatgtccagattctcttg and SMN exon8R tcaactgcctcaccaccgtgc as well as luciferaseF acttgactggcgacgtaatccacg and luciferaseR cgcttccatcttccagggatacga. The SMN exon6F and SMN exon8F primers also detect the SMN△7 transgene but the two transgenes can be distinguished by size (presence or absence of SMN exon 7). The following PCR conditions were used for amplification 948C for 3 min, then 30 cycles of 958C for 30 s, 608C for 30 s, 728C for 1 min, final extension 728C for 3 min.
Doxycycline administration for induction of SMN
For embryonic induction, timed pregnancies were set up as described previously (36) . At E13, a water bottle containing 500 mg/ml of doxycycline (Sigma) was introduced. Detailed protocols can be found at http://openwetware.org/wiki/ Conklin. The administration was continued with weekly water bottle changes until the birth of the pups. Then doxycycline food (200 mg/kg) (Bioserv) was introduced to the cage and the doxycycline water removed. For postnatal induction, high-concentration doxycycline food (6 g/kg) (Bioserv) was administered to the mother thus the pups received doxycycline in the mother's milk. High-concentration doxycycline food (6 g/kg) was found to severely affect birth rates if administered to pregnant mice, however, we did not detect any other adverse effects in SMA or control animals receiving high doxycycline food after birth.
Luciferase assay
Tissues were dissected from the mouse, homogenized in five volumes of 10 mM Tris, pH7.5 and then 80 ml of lysate mixed with 20 ml of buffer (Promega E397A). The sample was frozen and thawed twice, centrifuged and supernatant collected. Supernatant containing 50 mg of protein was mixed with 100 ml of luciferase reagent (Promega E1483) just prior to measurement in a luminometer (Lumat LB9507 Berthold).
Western blot
Western blot analysis of adult and neonatal tissue was performed as previously described (28, 32 (1:10 000) and developed with the ECL system (GE biosciences) according to the manufacturer's instructions as described previously (28) . For all quantitative western blots, the LI-COR Odyssey System (Biosciences) was used. Blots were incubated with goat anti-mouse IRDye 800CW antibody (926-32210, LI-COR), 1:7000 for 1 h. Detection was performed using the LI-COR Odyssey Imaging System (Biosciences) and quantification was determined using Odyssey Infrared Imaging System Application Software (Biosciences).
Immunohistochemistry
Spinal cord sections: PND28 mice on doxycycline were perfused with 4% paraformadhyde in PBS, the spinal cord was isolated and cryopreserved in 20% sucrose, PBS overnight. Tissue was frozen in OTC medium (TissueTek) in liquid nitrogen cooled isopentane and 14 mm spinal cord cryostat sections were obtained. Sections were blocked in 0.5% goat serum, 1% Tween-20 and incubated with hSMN-KH antibody ascites fluid (1:100) for 1 h, washed and incubated with goat antimouse Alexa488 (Invitrogen) 1:1000 for 30 min. Sections were mounted in Vectashield (Vector Labs). Whole mount TVA: Transverse abdominis muscles were isolated from animals sacrificed for electrophysiology and fixed in 4% paraformaldehyde in PBS for 24 h. TVA muscles were teased apart, blocked in 0.5% goat serum, 1% Tween-20 and incubated in neurofilament 160 (Millipore) 1:500 overnight, washed overnight and incubated with goat anti-mouse Alexa488 (Invitrogen) 1:1000 and alpha-bungarotoxin conjugated to Alexa594 (Invitrogen) 1:1000 for 2 h. Whole muscle fibers were mounted in Vectashield (Vector Labs). All images were captured with the Leica TCS_SL scanning confocal microscope system using an inverted Leica DMIRE2 microscope and PMT detectors. Images were captured at room temperature with the 40× HCX Plan Apo CS oil, NA ¼ 1.25 objective. A Z-Galvo stage was used to obtain Z-series stacks of 30 images each. Image acquisition, overlays, scale bars and measurements were produced with the Leica Confocal Software v2.61 and subsequential image processing was performed with Adobe Photoshop CS2. 
RT -PCR and real-time PCR analysis
RNA was isolated from tissues homogenized using Trizol (Invitrogen) and purified using the RNeasy kit (Qiagen) according to the manufacturer's instructions. RT-PCR was performed as previously described (32) . Real-time PCR was performed as previously described using identical probes in a Taqman assay (83) .
Electrophysiology
The recording chamber was continuously perfused with Ringer's solution containing the following (in mmol/l): 118 NaCl, 3. . Endplate recordings were performed as previously described (84) (85) (86) . Briefly, after dissection, the TA muscle was partially bisected and folded apart to flatten the muscle. Muscle strips were stained with 10 mM 4-Di-2ASP [4-(4-diethylaminostyryl)-N-methylpyridinium iodide] (Molecular Probes) and imaged with an upright epifluorescence microscope. All of the endplates were imaged and impaled within 100 mm. We used two-electrode voltage clamp to measure EPC and MEPC amplitude. Muscle fibers were crushed away from the endplate band and voltage clamped to 245 mV to avoid movement after nerve stimulation. For all experiments, quantal content was calculated by dividing peak EPC current amplitude by peak MEPC current amplitude.
